Objective-In a population of neonatal and pediatric patients on extracorporeal membrane oxygenation (ECMO); to describe the incidence and timing of acute kidney injury (AKI) utilizing a consensus AKI definition and investigate the association of AKI with outcomes (length of ECMO and mortality).
Introduction
Extracorporeal membrane oxygenation (ECMO) provides short-term support for patients with refractory cardiac or pulmonary failure. Acute Kidney Injury (AKI) in the critically ill population has been repeatedly demonstrated to be associated with adverse outcomes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Children treated with ECMO who develop AKI are at increased risk for adverse outcomes with mortality rates ranging from 47-100% with a graded increase by stage of AKI [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
The Extracorporeal Life Support Organization (ELSO) collects outcome data for patients supported by ECMO [27] . The definition of "renal complication" or AKI used by the registry includes the need for renal support therapy (RST) or a threshold serum creatinine (SCr) > 1.5 mg/dL [27] . The published proportion of neonatal AKI from the registry ranges from 10% to 22% using SCr data [15, [28] [29] [30] . The most recent ELSO International Data Summary suggests the proportion of neonatal and pediatric AKI ranges from 1.3% -13% using a SCr definition, rising to 20%-43% when RST is included [27] .
The Kidney Disease Improving Global Outcomes (KDIGO) [31] consensus definition utilizes a staged severity classification referenced to change from baseline function or the need for RST to characterize the severity of AKI. These criteria have been shown to predict morbidity and mortality in a stepwise fashion in critically ill children and are suggested to be the standard definition [9, 32] . Utilizing older consensus definitions, the single center incidence of AKI in ECMO has been reported to be as high as 72%, with the highest incidence in those infants and neonates with congenital cardiac disease and those with congenital diaphragmatic hernia [25, 26, 33] . The incidence of AKI in single center studies of pediatric ECMO patients has been reported to be as high as 58% in broader pediatric populations [20, 22, 34] . To date there has not been a large multicenter study evaluating the KDIGO AKI definition in a broad neonatal and pediatric ECMO population.
The current study is a systematic evaluation of ECMO data from six centers with three specific aims: (1) describe the incidence and timing of AKI utilizing the KDIGO AKI definition, (2) evaluate the impact of the inclusion of RST in the definition on the proportion of patients with AKI, and (3) investigate the association of AKI with outcomes (length of ECMO and mortality) in a multicenter pediatric ECMO population. We hypothesized that AKI defined by the KDIGO AKI criteria would be more prevalent than previously reported and be associated with increased length of ECMO support and mortality.
Methods

Study Design
Study design is a retrospective observational cohort study of all pediatric patients (age <18 years) on ECMO at six centers from January 1, 2007 to December 31, 2011 . Investigational Review Board (IRB) approval for data collection and study was obtained and maintained at each individual participating center.
Data Sources
Data sources for this study included the ELSO Registry (ELSO, Ann Arbor Michigan) and data from individual study sites. Individual study sites collected data retrospectively from medical charts and electronic medical records for data not included in the ELSO database, which was entered into a REDCap™ [35] database. The final data set for the cohort was created by merging data utilizing a 4 point matching scheme (ELSO ID, date of birth, date ECMO initiation, and date ECMO discontinuation).
Cohort
Inclusion criteria were all patients < 18 years of age at the time of ECMO initiation at the participating institutions during the study period. Patients with multiple runs of ECMO, defined as two ECMO support events > 24 hours apart, were excluded from analysis due to the potential co-linearity of AKI developed during the initial run which was may have affected the need for a second ECMO run and/or ultimate survival outcome. Patients with fewer than 4 variable field matching at data merge were excluded from analysis.
Data Collection
Data collected included age at ECMO initiation, weight at hospital admission, gender, and center of ECMO support were collected. Age was categorized as neonates (0 to 30 days) and pediatric (31 days to 18 years). Pre-ECMO variables included serum pH, need for vasoactive medication, and oxygenation index (OI). ECMO variables collected included indication for ECMO, Support Mode (veno-venous (VV) or veno-arterial (VA)) with sub-classification of VA if any component of the cannulation included an arterial cannula (VAV, VVA etc.), duration of ECMO, and number of non-renal complications. Date of ECMO initiation and decannulation were used to calculate duration of ECMO, as time difference in hours between ECMO initiation date-time stamp and the date-time stamp for decannulation. Renal specific variables included serum creatinine at baseline, lowest SCr from hospitalization to ECMO iniation, SCr at ECMO initiation, first recorded value daily for the first 21 days of ECMO, and at RST initiation. Baseline serum creatinine was defined as the lowest recorded value in the chart for up to 90 days prior to ECMO initiation. RST included intermittent hemodialysis, peritoneal dialysis, continuous renal replacement therapy or slow continuous hemofiltration. Date of RST initiation and discontinuation were collected.
Definition of AKI
AKI was assessed at three time points: Pre-ECMO, ECMO initiation to 48 hours, > 48 hours on ECMO. AKI was defined using both the serum creatinine criteria (AKI SCr ) of the KDIGO definition [31] OR the addition of renal support therapy (AKI SCr+RST ) as follows:
Stage 0: Increase SCr < 0.3mg/dL from baseline AND SCr < 1.5 times baseline Stage 1: (0.3 mg/dL ≤ increase SCr from baseline < 4mg/dL AND SCr < 1.5 times baseline) OR (increase SCr < 4mg/dL from baseline AND SCr ≥1.5 times baseline AND SCr < 2.0 times baseline) A patient was categorized for AKI using serum creatinine in the AKI SCr cohort and by the need for RST in the AKI SCr+RST cohort with a concomitant automatic classification of Stage 3 disease.
AKI in the neonatal cohort was adjudicated by two members of the research team with expertise in Pediatric Nephrology and AKI (DJA, MZ); any discrepancy was reviewed with a third team member team (DTS). This was done due to difficulties establishing a baseline SCr in the neonatal population [36] . The adjudication used the following step-wise criteria based on local expert opinion to define the baseline SCr: 1) lowest SCr prior to maximum SCr, 2) lowest SCr during hospitalization including those measured after maximum SCr, and 3) normative published values for age.
Outcomes
Outcomes included ECMO duration, mortality at ECMO decannulation and mortality at hospital discharge. Mortality at ECMO decannulation was defined as death within 24 hours post-decannulation. Mortality by hospital discharge included mortality at ECMO decannulation as well as survival through the ECMO decannulation period but death by hospital discharge.
Statistical Analysis
Data was summarized for entire cohort and by status and stages of AKI defined by AKI SCr and AKI SCr+RST criteria. Continuous variables were presented as median and inter-quartile range (IQR) and Wilcoxon rank-sum was used to test for differences between the groups (AKI vs. no-AKI) and Kruskal-Wallis test for differences between the stages of AKI. Categorical variables were presented as frequency counts and percentages, and differences between the groups were tested using Chi-square/Fisher's exact test. Overall incidence of AKI, by the two definitions, was examined at ECMO initiation, ≤ 48hours of ECMO, and > 48 hours of ECMO by mode of ECMO and ECMO support type. Univariate linear regression models were developed to identify potential factors associated with ECMO duration, after log-transformation of ECMO duration due to positive skewness. Least square (LS) means of the log transformed data and 95% confidence intervals (CI) for the LS mean were back-transformed resulting in an estimate of the median (95% CI) on the original measurement scale. Significant factors from univariate analysis were then entered into a multivariable analysis to evaluate the association between AKI/no-AKI with ECMO duration. Mode of ECMO support and pH were considered to be important covariates in multivariable analyses. Although renal support therapy (yes/no) had a significant effect in univariate analysis it was included only in the multivariable model examining the effect of AKI SCr due to its inclusion in the definition of AKI SCr+RST . Although reported in demographic data, oxygenation index (OI) was not examined as a covariate due to significant amount of missing data. Association between AKI/no-AKI and mortality at ECMO decannulation (yes versus no) and between AKI/no-AKI and mortality at hospital discharge (yes versus no) was examined using univariate and multivariable logistic regression analysis with and without RST adjustment, as applicable. Results were presented as odds ratio (OR) and 95% CI. All analyses were two-sided and p-value ≤ 0.05 was considered statistically significant. SAS version 9.4 (SAS Institute Inc., Cary, NC) was used to conduct all analyses.
Results
Study population
During the study period 1,009 patients underwent ECMO, and complete data were analyzed for 832 patients (Figure 1 ). The majority of patients were neonates (60%), had a pulmonary indication for ECMO support (56%) with the most common mode of support being venoarterial (73%)[ Table 1 ]. The severity of illness in the cohort was substantial with a pre-ECMO oxygenation index median (IQR) of 45 (28-67), pH 7.2 (7.1-7.3) and 86% requiring vasoactive support. Nearly 89% of patients had a non-renal complication as tracked in the ELSO registry and had a median (IQR) of 143 (75-260) hours on ECMO. Renal support therapy was provided in 48% (401/828) of the cohort of whom 97% (389/401) received RST during ECMO and 3% (12/401) prior to ECMO. Of those receiving RST, 23% was delivered via CRRT machine and 73% via inline hemodiafilter [ Table 1 ].
Acute Kidney Injury Incidence and Demographics
Using the AKI SCr definition, 502 (60%) patients had AKI (169/502 (34%) stage 1, 164/502 (33%) stage 2 and 169/502 (34%) stage 3 disease). 
Timing of Acute Kidney Injury
The cross-sectional incidence of AKI at ECMO initiation in the pediatric cohort ranged from 50% (AKI SCr ) to 62% (AKI SCr+RST ), 66% to 82% at 48 hours and 77% to 88% at > 48 hours. New episodes of AKI occurred between initiation and 48 hours of ECMO in 16% (AKI SCr ) and 20% (AKI SCr+RST ) of cases, and 11% (AKI SCr ) and 6% (AKI SCr+RST ) at > 48 hours. Timing of acute kidney injury varied by stage and ECMO support indication or ECMO mode for both definitions in the pediatric cohort (Table 3a , 3b). Timing of AKI analysis was not undertaken for the neonatal cohort due to the adjudication process in the definition of AKI and the need to use post-ECMO creatinine as the baseline comparative level.
Association of AKI with ECMO Outcomes
The Univariate analysis of AKI and non-AKI variables for the association with mortality at decannulation and by hospital discharge are presented in Table 5 .
In multivariable analyses, the association of AKI with outcomes was evaluated, adjusting for age, center of support, mode of support, non-renal complications, and pre-ECMO pH. In addition, presence of RST was modelled for AKI SCr analysis. The presence of AKI by AKI SCr and AKI SCr+RST criteria showed association with duration of ECMO, even when adjusted for covariates. ( 
Discussion
This study systematically evaluates the KDIGO AKI definition in a broad multicenter cohort of pediatric ECMO patients. There are three important findings from this study. First, the incidence of AKI in the neonatal and pediatric ECMO population is high and affects a majority of ECMO patients with incidence ranging from 60 to 74 % depending on the definition used. Second, AKI occurs early in the ECMO course of the pediatric patient, with the majority of those with AKI identified at ECMO initiation and 93% of those identified with AKI by 48 hours. Third, the presence of AKI is associated with a longer duration of ECMO and increased mortality both at ECMO decannulation and by hospital discharge.
The evolution of consensus criteria for the clinical definition of AKI has affected reported incidence in many pediatric scenarios. The previously used "one size fits all" threshold creatinine level definition does not account for age related variables, nor the prior organ function of an individual patient. In prior data collection by ELSO, AKI was identified as a serum creatinine 1.5 mg/dL or the need for RST. For the pediatric and neonatal population, this definition under estimates AKI, as significant injury may occur and the SCr remain below the threshold of 1.5 mg/dL. The 2015 ELSO International Summary reports an incidence of 1.3-11% in using serum creatinine, and 21-43% by the need for RST. [27] In the current study, the KDIGO AKI SCr definition identified 60% of the cohort as having renal dysfunction and the addition of RST to the definition increased the incidence to 74%. AKI severity was significant, stage 2-3 in 86% of cases for the entire cohort and 91% of nonneonatal pediatric cases identified by both definitions across the three time periods studied.
The use of RST as a defining condition of AKI in the KDIGO criteria must be tempered with the knowledge that it is a physician derived variable rather than patient derived variable and there was no standard indication across centers to trigger initiation of therapy. As a result we systematically evaluated the contribution of RST to the incidence and outcomes by evaluating the incidence of AKI with and without RST as part of the Stage 3 definition. A number of patients previously classified as stage 0 moved to stage 3 with the addition of RST to the definition and the incidence of AKI increased from 60 to 74%, with no appreciable impact on outcomes. This may be reflective of differences in practice patterns about RST utilization in children on ECMO previously reported by our group based on survey data and will be the subject of future studies [37] . RST was noted to have an effect on both duration of ECMO and survival in unadjusted analysis, but when added to the multivariable model for the effect of AKI, the results were similar to the model without RST. Further study will be required to understand the complex effect of RST on outcomes.
Limited prior data has been published beyond case reports on the timing of AKI during ECMO. Early neonatal respiratory studies identified an initial period of low urine output and fluid changes, but no data are collected in the ELSO registry to identify the timing of AKI [38] . In the current study, AKI developed early in the course of ECMO, with 51-64% of AKI 
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Author Manuscript present at ECMO initiation and 86-93% of all cases of AKI identified by 48 hours. These data suggest that AKI risk factors are likely present prior to initiation of ECMO, rather than exposure to extracorporeal therapy. Pre-ECMO severity of illness measures (pH and need for Vasoactive agents) used in this study are convenience surrogate measures, but despite this limitation were not associated with the risk for AKI to allow for identification of specific risk variables. Some authors have suggested that the need for cardiac mechanical support and non-pulsatile flow may be associated with the development of AKI [39] , yet reduced urine output and positive fluid balance have also been reported in the VV ECMO population, suggesting lack of pulsatility is not the only variable associated with AKI on ECMO [40] .
In the current study, the presence of AKI was associated with a significantly increased duration of ECMO and reduced survival to hospital discharge after controlling for patient and support variables previously associated with these outcomes. This finding is consistent with previous reports in other critically ill pediatric populations [9, 10] . Acute kidney injury is associated with increasing severity of illness in most critically ill populations, yet it is unknown if its presence in the ECMO population is a marker of severity of illness or a driver of mortality. Prior studies have suggested that return to pre-ECMO dry weight is associated with separation from support in the neonatal population [12, 14, 38] , hence renal dysfunction and subsequent fluid overload may be a direct contributor to the increase in duration of ECMO support seen in this study. Regardless of the etiology, the finding that AKI is associated with a longer ECMO course and increased mortality risk are important both for clinical practice as well as further study.
This study has limitations predominantly related to the data set used for analysis. The retrospective study design limits findings to association rather than causality. Data were not collected for the calculation of previously validated severity of illness adjustments for outcomes. The neonatal cohort are problematic in the definition of AKI due to the natural history of SCr in the immediate birth period. This known limitation in defining neonatal AKI likely leads to an imprecise identification of AKI in neonates. The adjudication of neonatal AKI requires identification of the baseline SCr, and utilization of the convalescent lowest SCr may potentially under-estimate AKI if this value were higher than published norms by age. This study was undertaken across 6 separate ECMO centers likely potentially with patients from varied socio-economic and ethnic backgrounds with no protocolized indication for ECMO or RST support, which will potentially affect outcomes. Although general ECMO and RST practices are similar among these centers, there was no protocol or equipment standardization leading to the potential for the introduction of bias into the study. Finally, the study centers may represent a practice bias toward the application of RST that would potentially affect the incidence of AKI SCr+RST , but should not bias the incidence of AKI by serum creatinine measures only.
Conclusions
Utilizing the KDIGO AKI definitions we found a pediatric AKI incidence during ECMO higher than reported to date that allows for a more precise baseline understanding required to design intervention trials. The increase in reported incidence is valuable to the clinician as AKI onset is associated with adverse outcomes including longer duration of ECMO and reduced survival to hospital discharge. AKI occurs early in the course of ECMO, with a majority of cases identified at ECMO initiation and 86-93% of AKI acquired by 48 hours of support. Additional studies should attempt to elucidate the potentially modifiable factors associated with the development of AKI both before and during ECMO. Further studies in this cohort will evaluate the contribution of fluid overload to outcomes and the practices around the modality and timing of RST initiation and its effect on outcomes.
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